INTRODUCTION
Nucleoside permeation of cell membranes occurs primarily by way of a non-concentrative facilitated-diffusion mechanism, which accepts as substrates a variety of purine and pyrimidine nucleosides [1, 2] . This nucleosidetransport system (NTS), with subsequent intracellular metabolism, is the principal means by which the extracellular receptor-mediated actions of nucleosides, such as adenosine, are terminated [3, 4] . Early studies with erythrocytes found that nucleoside transport could be inhibited specifically with nanomolar concentrations of compounds such as 6-[(4-nitrobenzyl)thio]-9-/-Dribofuranosylpurine (nitrobenzylthioinosine, NBMPR) and dipyridamole [5] [6] [7] . Subsequent studies with [3H]NBMPR established it as both a reversible [8] [9] [10] [11] [12] [13] [14] and an irreversible [15] [16] [17] [18] [19] [20] probe for membrane proteins associated with the NTS. In erythrocytes, the binding of [3H]NBMPR was correlated directly with the inhibition of nucleoside transport [8, 21] , and inhibition of [3H]NBMPR binding reflects the capacity of a compound to inhibit nucleoside transport 1221. More recent studies using a variety of cell types have, however, now established that multiple forms of nucleoside transporters exist in mammalian cell membranes, which differ in their sensitivities to inhibition by NBMPR [12, 14, [23] [24] [25] and dipyridamole [11, 13, 18, 19, 26] . Recent work suggests that these transporters are products of different genes [27] ; however, it is premature to conclude that differences in membrane organization and/or lipid environment may not affect the interaction of NBMPR with the transporter, which might appear as a genetic distinction between NBMPR-resistant and -sensitive transport [12, 28] . The molecular nature of the mammalian NTS will not be fully appreciated until it proves possible to isolate the protein(s) responsible for nucleoside transport, and functionally reconstitute the putatively different systems in artificial lipid vesicles (liposomes).
Tse et al. [29] have solubilized, and re-incorporated in asolectin-vesicle membranes, the human erythrocyte nucleoside transporter. They showed that, upon removal of detergent, the binding of [3H]NBMPR and nucleoside transport were restored. However, the nucleoside transporter of human erythrocytes is uniquely homogeneous [8] [9] [10] 21] , and it may be necessary to study a more complex cell type to discern fully the heterogenous molecular characteristics of the mammalian NTS.
The present study describes the characterization, solubilization and functional reconstitution of a nucleoside-transport mechanism from Ehrlich ascitestumour cells which possess both NBMPR-sensitive and NBMPR-insensitive nucleoside transporters. U.S.A.) respectively, and 3H20 (1 mCi/g), [ "4C]carboxymethyldextran (1 mCi/g) and Protosol were purchased from New England Nuclear. Endoglycosidase F, isolated from Flavobacterium meningosepticum, was purchased from Boehringer, Mannheim, West Germany. Asolectin (soybean phospholipids) was obtained from Associated Concentrates, Woodside, NY, U.S.A. and stored under N2. Octyl /-D-glucopyranoside (OCTG) was purchased from Calbiochem, and CHAPS, digitonin, nitrobenzylthioguanosine (NBTGR), NBMPR and dipyridamole were supplied by Sigma. Cholic acid, purchased from Eastman Kodak, was recrystallized three times from ethanol before use [30] . Dilazep was generously provided by Asta Werke, Germany. All other compounds were of reagent grade.
Isolation of Ehrlich-celi plasma membranes
Ehrlich ascites-tumour cells were grown as an intraperitoneal culture in mice (Swiss, male; approx. 30 g), and plasma membranes were prepared as described previously [31] [32] [33] . In brief, washed cells were swollen by suspension in 1 mM-ZnCl2, fragmented by using a Polytron homogenizer PT-10-20, and resuspended in 9.250 (w/w) sucrose with removal of nuclei by centrifugation (three times) for 1 min at 900 g. The 50 ,ug/ml) were included in the membrane isolation procedure. Sucrose solutions were in 0.5 mM-ZnCl2/ 5 mM-K2HPO4, pH 7.5.
Solubilization of plasma membranes
Washed plasma membranes were incubated with detergent in either 50 mM-Tris/citrate or 100 mM-KCl/ 10 mM-Tris/HCl/0. I mM-CaCl2/0.1 mM-MgCl2 (reconstitution buffer; pH 7.4) at 4°C for 60 min. Comparable results were obtained with either buffer. After incubation, the mixtures were centrifuged at 120 000 g for 60 min and the supernatant was retained for immediate use for radioligand binding or reconstitution.
Reconstitution procedure
This was based on a method used for the functional reconstitution of the Ehrlich ascites-cell glucose and amino acid transport systems [34] . Asolectin was suspended in reconstitution buffer by vortex-mixing for 5 protein/ml) and applied to a Sephadex G-50 column (1.5 cm x 28 cm) equilibrated with reconstitution buffer at 4 'C. Turbid fractions, eluted in the void volume, were frozen in ethanol/solid CO2, thawed at 22 'C, then centrifuged at 40000 g for 20 min and resuspended in 500 ,1l of reconstitution buffer. The suspended proteoliposomes were used without further treatment for radioligand-binding studies. To measure [3H]uridine uptake, the proteoliposomes were sonicated for 10 s at 4 'C before use. Brief sonication after the freeze/thaw cycle has been shown to enhance the activity of the reconstituted erythrocyte nucleoside transporter [29] .
To obtain control (protein-free) liposomes, the reconstitution procedure was conducted exactly as de- [37] .
All assays were conducted at room temperature (-22 'C) in phosphate-buffered saline (pH 7.4). Where appropriate, cells were preincubated with transport inhibitors for 15 min before use for [3H]uridine uptake. Uptake was initiated by addition of cell suspension (-4 x 107 cells/ml) to a solution of [3H]uridine (100 /tM final concn.) layered over a 200 ,ul cushion of silicone oil/mineral oil (21 :4, v/v) in 1.5 ml Eppendorf microcentrifuge tubes. Assays were terminated by centrifugation of the cells through the oil layer at 12000 g for 5 s. The minimum reliable incubation time that could be achieved with this methodology was 3 s. The supernatants and oil were removed and the cell pellets digested with 1 M-NaOH for a minimum of 16 h at room temperature before determination of the 3H content of the NaOH digest after neutralization with HCI.
Parallel incubations were performed to determine the intracellular water volume of the cell pellet after centrifugation through oil. Cells were incubated with a combination of [14C]carboxymethyldextran and 3H20 for 3 min at room temperature, and then separated from the extracellular medium by centrifugation through oil. Portions of the supernatants (100,l) were counted in Aquasol, and cell pellets digested in NaOH were processed for counting as 22 'C in phosphate-buffered saline (pH 7.4) by using a 40 min incubation period. Cells were separated from the incubation medium by centrifugation (12000 g for 10 s), and the cell pellet was then washed and digested in 1 M-KOH, as described in previous studies involving human erythrocytes [22] .
[3H]NBMPR binding to plasma membranes and liposomes was evaluated at 22 'C in either 50 mM-Tris/citrate or reconstitution buffer, by using a 30 min incubation period. Similar results were obtained with either buffer. The reaction was terminated by vacuum filtration through Whatman GF/B filters, followed by two washes each with 4 ml of buffer at 4 'C.
To measure [3H]NBMPR binding to solubilized membrane preparations, proteins were precipitated before filtration with a mixture of poly(ethylene glycol) (10 %, w/v) and y-globulins (1.65 mg/ml) after exposure to [3H]NBMPR for 30 min at 22 IC. After filtration, the precipitates were rinsed twice with buffer containing 8 % poly(ethylene glycol), as described previously [40, 41] [43] , with the following exceptions: (a) erythrocytes were washed initially with iso-osmotic saline, and (b) membranes were finally resuspended in 5 mM-sodium phosphate (pH 8.0 at 22°C) and stored at -80°C for a maximum of 4 weeks.
Photoaffinity labelling with I3HINBMPR
Washed plasma membranes, from Ehrlich cells or erythrocyte ghosts (1-2 mg of protein/ml), were equilibrated for 90 min at 4°C with [3H]NBMPR (25 nM) in either reconstitution buffer or 5 mM-sodium phosphate, respectively, in the absence or presence of dilazep (30 aM). Membrane suspensions (600 ,ll) in quartz cuvettes were then supplemented with 25 mM-dithiothreitol (final concn.), and exposed to u.v. light (5 cm from source) from a 100 W mercury arc lamp for 2.5 min (or as indicated in the Results section). For gel electrophoresis, photolabelled membrane suspensions were diluted with 15 vol. of reconstitution buffer, centrifuged at 20000 g for 20 min, resuspended in 30 ml of buffer at 4°C, recentrifuged as above, and finally resuspended in a minimum volume of buffer (-700 ll). Samples were removed for protein and 3H analysis, and the membrane suspensions processed for gel electrophoresis as described by Laemmli [44] . For direct analysis of photoaffinitylabelling efficiency, samples were diluted 15-fold with buffer containing NBMPR (10 ,tM) and adenosine (10 mM) at 22 'C. After a 30 min incubation at 22 'C, the preparation was centrifuged at 20000 g for 20 min and resuspended in 30 ml of buffer containing NBMPR and adenosine as indicated above. This wash procedure was repeated at least three times to remove all non-irreversibly bound [3H]NBMPR. The membranes were subsequently filtered and counted for radioactivity.
Treatment with endoglycosidase F
[3H]NBMPR-labelled membranes were treated with endoglycosidase F as described by Kwong et al. [45] . In summary, photolabelled membranes (0.25-0.5 mg ofprotein) were resuspended in 100,1u of enzyme digestion buffer, containing 100 mM-sodium phosphate, pH 6.0, 75 mM-/?-mercaptoethanol, 50 mM-EDTA, 0.5 % (w/v) Triton X-100, 0.05 % (w/v) SDS, and 1-2 units of endoglycosidase F. The mixture was incubated at 22 'C for 18 h with agitation, and terminated by addition of an equal volume of SDS/polyacrylamide-gel-electrophoresis sample buffer.
SDS/polyacrylamide-gel electrophoresis
Gradient polyacrylamide slab gels (5-15 %, v/v; 1.5 mm thick) were run as described by Laemmli [44] . Samples dissolved in SDS-electrophoresis buffer were heated at 50 'C for 3 min before application to the gel. Gel lanes were either cut into 2 mm slices and digested with Protosol for assay of 3H label, or stained with Coomassie Blue.
RESULTS

I3HIUridine uptake by Ehrlich ascites-tumour cells
Uptake of [3H]uridine (100,M) by Ehrlich cells was rapid (t2 1 min) and non-concentrative (maximum intracellular concentration of 123+4 pmol/ul; n = 10; Fig. 1 presence of 1O #,M-NBMPR or 100 ,sM-dipyridamole is operationally defined as NTS-mediated uptake. At an external concentration of 100 /M-uridine, the initial rate of uptake, deduced from the linear portion of the curve for mediated uptake (Fig. 1) (Fig. 4) . Table I legend) were determined by mass-law analysis of data obtained from assays conducted at 22°C as described in the text. All binding assays, including those using intact membranes, were terminated by the poly(ethylene glycol)-precipitation/filtration procedure (see the Experimental section). (Fig. 5 ). This band of radiolabelling typically represented about 45 % of the total [3H]NBMPR detected in the gel (excluding the radioactivity associated with the dye front), and was eliminated completely by incubating the membranes with dilazep before photolabelling. In some experiments, minor peaks of radiolabelling were also observed in the range of 100 kDa and 32 kDa (e.g. see Fig. 6 ), possibly representing aggregates and proteolytic products, respectively, of the major 42 [16, 20] (and see below), lung [18] and cardiac [46] [16, 20, 45] .
Effect of membrane treatment with endoglycosidase F. The apparent molecular mass of the [3H]NBMPR-photolabelled polypeptides in both Ehrlich-cell and human erythrocyte membranes was decreased to approx. 38-40 kDa after incubation with endoglycosidase F (Fig. 6) . Furthermore, the low-molecular-mass band of radiolabelling observed for erythrocyte membranes was more discrete after incubation with endoglycosidase F (36-44 kDa), and was similar to the gel profile obtained for [3H]NBMPR-labelled Ehrlich-cell membranes both before and after deglycosylation (Fig. 6) . In erythrocyte membranes, the high-molecular-mass band of3H-labelled protein was also decreased after incubation with endoglycosidase F, to approx. 70 kDa. (Fig. 4) . OCTG [16, 20] ), lung [18] and cardiac [46] membranes, though it is similar to that observed in sheep reticulocytes [41] . Although it cannot be ruled out completely, it seems unlikely that the 42 kDa [3H]NBMPR-binding peptide reported in the present study is a proteolytic fragment of a larger protein, as proposed for other systems studied [16, 18, 46] , since the presence of both phenylmethanesulphonyl fluoride and soybean trypsin inhibitor during processing failed to alter the size of the final photolabelled peptide. It is possible that these molecular-mass differences reflect different extents inhibitors of the nucleoside-transport mechanism. It is unlikely that [3H]uridine binding to the transport proteins is responsible for the observed accumulation by the proteoliposomes, since the difference in the amount of [3H]uridine accumulated by the proteoliposomes and protein-free liposomes (-49 pmol/20 s per mg of protein) is 3-fold greater than the total number of nucleoside transporters in this preparation (17 pmol/mg of protein; calculated from the density of NBMPR-binding sites in the proteoliposomes with correction for the fact that 25 % -of transport activity in Ehrlich cells is NBMPRinsensitive, and hence these transporters are unlikely to possess high-affinity binding sites for NBMPR). Furthermore, based on the Km (-250 aM; J. R. Hammond, unpublished work) of uridine for this system, it would be expected that only a small proportion of these sites would be occupied at the concentration of [3H]uridine (20 /tM) used. The nucleoside-transport activity reported here is similar to that reported for a reconstituted preparation from Triton X-100-solubilized human erythrocyte membranes [29] . Given the fact that there is no accumulation against a gradient, and the small solute-accessible volume of these vesicles, the rapid equilibration observed is not surprising. This even pertains to liposomes which are carrier-free, since uridine has a relatively high lipid solubility.
In conclusion, we have described an efficient and effective solubilization procedure where nearly 100 % of the [3H]NBMPR-binding activity is recovered and the OCTG-solubilized proteins retain many of the ligandbinding characteristics of the native membrane. Reconstitution of the solubilized proteins into proteoliposomes with asolectin demonstrates recovery of a dilazep/NBTGR-sensitive transport system. Therefore, functional reconstitution of Ehrlich-cell nucleoside-transport activity has been achieved, and provides a basis for further purification to obtain a greater insight into the mechanism of action of this transporter at the molecular level.
